Introduction
After impressive results on laser cooling of atoms, the interest appeared in the laser cooling of solids (see, for example Refs. [1] [2] [3] . The phenomenon of the optical refrigeration is known in semiconductors after a number of early studies [4] [5] [6] . There are serious problems with laser cooling of semiconductors, and it became an interesting topic of the luminescence physics and technology. The problem of this type of refrigeration is closely connected with an effect of super-efficiency of luminescent sources (when the total efficiency is expected to exceed 100%). Theoretical aspects of the optical refrigeration and of the luminescent efficiency in semiconductors are treated in Refs. [7] [8] [9] [10] [11] [12] [13] [14] [15] . Expected practical applications of the laser cooling are associated with an industrial scale refrigeration and freezing. There are also ideas to use the laser cooling for correction of thermal balance of optoelectronic and photoelectric devices. In the aspect of optical refrigeration we should consider the anti-Stokes luminescence in semiconductors in both phenomena of photo-and electroluminescence.
In this paper we discuss the laser cooling in relation to the heavily doped semiconductors and we show how to calculate the temperature limitations in terms of "energy yield" of the pumping-emission process. We also discuss the anti--Stokes behaviour in the case of electroluminescence and the total cooling occurring in semiconductor p-n junction including another mechanism known as the Peltier effect.
Historical remarks: Optical refrigeration in semiconductors
The Stokes rule was established in the middle of the 19th century [16] , and it states that a wavelength of the luminescence is longer than the wavelength of exciting light causing the luminescence. In principle, this statement could have stimulated appearance of ideas of quantum physics since that time, but it had no explanation until the beginning of the 20th century. Then it became almost trivial, because it is equivalent to a statement that energy of a luminescence photon is smaller than the photon energy of excitation light, as it follows from the energy conservation law. Notice that explanation of similar behaviour in the photochemical and photoelectrical phenomena brought a Nobel Prize to Einstein in 1921. On the other hand, a strange phenomenon of anti-Stokes radiation was also known as a certain violation of the Stokes rule. Namely, there was observed luminescence with a photon energy hn somewhat larger then the pump photon energy, hn P . Therefore the cycle of pumping-emission produces an augmentation of energy, dE = hn -hn P > 0. Thus the anti-Stokes radiation became the focus of discussion, if there is a problem for theory or not? A suggested answer was that dE comes from internal energy of the emitting body.
Notice, that the name of anti-Stokes emission is used sometime in relation to the up-converting devices where also hn > hn P . However, for these devices, energy consumption in one emission cycle implies absorption of two or more pump photons, so there can be no violation of energy conservation rule. Typically, a relationship for twophoton pumping is dE = hn -2hn P < 0.
In 1929, Pringsheim supposed that anti-Stokes emission can produce the cooling of the emitting medium [7] . He argues with Lenard, who thought that such a self-cooling is impossible on the basis of the second thermodynamic law. Another opposing argument has been given by Vavilov. He observed a sharp fall of the yield of the luminescence when a pump photon becomes smaller than the luminescence peak photon [17] . Even earlier a decrease in anti-Stokes luminescence has been established in some luminescent materials known at that time. It could be considered as a result of some natural mechanism preventing the efficient antiStokes process.
Landau [8] analyzed thermodynamic limitation of the luminescence process and showed a principal possibility of converting some part of the thermal energy of the body into its luminescence. The rule was formulated that the radiating body can be self-cooled if its luminescence carries away some entropy. Spontaneous emission can do this. It is exciting that in the same work of 1946 in addition to this rule, Landau considered what we call now the laser beam (monochromatic and sharply directed) and concluded that an emission of such luminescence does not cool the radiating body because the entropy of that radiation is very low. As to the anti-Stokes radiation, Landau stated "where it is allowed thermodynamically, the effect will be quite weak".
A possibility of cooling the body by luminescence is simultaneously a possibility of obtaining the overall luminescence efficiency h exceeding 100% on account of the thermal energy. In present time, the idea of laser cooling excited numerous attempts to demonstrate the effect in experiments with different media.
In 1957, Tauc [9] suggested use of semiconductors as a body for the optical cooling by electroluminescence. The electroluminescence (EL) includes the injection luminescence, the discharge luminescence, the Destriau effect, etc. The injection luminescence is a quite "low-voltage" phenomenon, and there is a very close analogue to the antiStokes behaviour of the photoluminescence (PL). We consider this analogue in terms of the "energy yield" that is g = hn/hn P in the case of PL. In the case of the injection EL, this yield is close to hn/eV, where V is the voltage applied to the p-n junction. This voltage is equal or quite close to the difference DF of quasi-Fermi levels, DF = F e -F h ,
where F e and F h are the electron and the hole quasi-Fermi levels respectively. The quantity DF indicates the averaged work necessary to create one electron-hole pair. Therefore it is reasonable to define the energy yield as g = hn/DF. Also, the anti-Stokes EL corresponds to the case g > 1. Notice that identification of eV » DF is not universal in EL devices. In the case of injection luminescence one can find situations where eV > DF, moreover such situations are quite normal in devices based on high-field pumping.
It was reported in Ref. 4 that in SiC-based light-emitting diodes (LEDs) the photon energy about 2 eV is observed at the diode voltage of 1.8 V, and it was noticed that this process can be accompanied with some cooling of the device. In GaAs LEDs, this situation is quite usual [5, 18] , and the "refrigerating power" Q per junction area unit was discussed. According to that approach, the quantity Q can be calculated as follows
where J is the current density and h i is the internal quantum efficiency of radiative recombination. Actually in this expression, h i J is the density of the radiative current (which is totally converted into the radiation). The internal quantum yield h i can be less than 100% because of the nonradiative recombination. In many early papers, the easy transport of the radiation into space was assumed and h i = 1 was also taken. This gives optimistic perspectives for optical cooling. Nikolaev [19] had investigated SiC, GaP, and GaAs diodes near the minimal detectable emission. He has found all these samples operating in the regime hn > eV and in the case of GaAs, the quantity DE was as large as 0.7 eV (it corresponds to g » 1.5). In order to estimate the real refrigeration capability of GaAs-based diode, in Ref. 5 the power of the optical refrigeration was calculated to be~0.3 mW under the following conditions, g = 1.03, h i = 0.99, and I = 10 mA. As the Joule heating was estimated as 0.05 mW, the local cooling was stated to be possible. To demonstrate the advantage of GaAs as the high-efficiency luminescent material for the optical cooling, the study of refrigeration in the GaAs/InGaP heterostructure was performed in Ref. 20 . The cooling has been identified by some spectral blue shift of the luminescence. However, there was no net cooling of the chip because of the luminescence reabsorption. In this case, the optical refrigeration produced only a local cooling and some temperature gradient inside the chip. This is a result of inefficiency of the optical coupling to the outside room (the inefficiency is sometimes called a luminescence trapping). A local cooling by anti-Stokes luminescence was demonstrated also in a GaAs-based quantum-well structure with a recorded temperature drop of 7 degrees below the liquid-nitrogen temperature [21] . The steady-state temperature gradient in the junction device under the current density J can be estimated as h i (g -1)JV/k , where k is the heat conductivity. It was shown in Ref. 12 that with ordinary external efficiency of LEDs (on the level of 2-3%) the cooling of whole diode is not real, but the local cooling is feasi-ble. This cooling can influence emitting parameters of LED both in dc and pulse regimes.
In Ref. 1, the question has been put, "can the laser beam cool semiconductors?" The answer depends on the solution of several technical problems such as the choice of the material, the efficiency of the anti-Stokes luminescence and the efficiency of the extraction of radiation from the cooling body. The above-mentioned luminescence trapping is also a problem in the designing the light-emitting diodes and the luminescent panels. There are some interesting achievements (hemispherical sources, multi-pass and photon-recycling sources, sources with textured rear surface, etc.). For example, one can use the hemisphere body with an anti-reflection coating of the surface. One can calculatẽ 100% high external quantum yield for the radiation emitted in the centre of the sphere. In practice, the emitting region is not sharply localized because the absorption of pump laser emission is not strong, so the region is extended according to the absorption length. It is much easier to localize the region in the case of EL.
Summarizing the requirements for the laser-cooling device, we state:
• the energy yield g should be more than 100% (anti--Stokes luminescence),
• the external yield h of radiative recombination should be sufficiently high providing hg > 1. The net cooling effect in the device chip is dependent on the external efficiency h of the radiative recombination whereas the local cooling (and temperature gradient) is dependent on the internal efficiency h i .
Theory of Landau
Landau considered the technical efficiency of the light source in the thermodynamic aspects [8] . This efficiency is the ratio of the emitted radiation to the work consumed to produce this radiation. He obtained a rather simple expression for the upper thermodynamic limit of this quantity
where T is the temperature of the radiating body and T* is the effective temperature of the radiation. The effective temperature from a luminescent source is determined as temperature of the absolute black body that produces a thermal radiation of the same spectral intensity as the luminescence radiation at the peak wavelength. For example, the visible (green) luminescent diode is characterized by T* » 1200 K under a standard luminance (16 ft-L). Laser emission can have much higher effective temperature. While the thermal emission is included into the emitted radiation, it is possible to obtain huge efficiency as it can be seen when T* approaches T. The luminescence is defined as the radiation exceeding the thermal emission background (and excluding reflected and scattered pump radiation), so the effective temperature of the luminescent radiation is higher than the temperature of the body. Therefore the limit T* ® T means disappearance of the luminescence. The thermal radiation remains, and for its emission the work (free energy) is not necessary, but it is assumed that heat is supplied from an external thermostat. This is an origin of a very high value of h max in limit of very low intensity of the luminescence. When T ® 0 or T* ® ¥, the maximum efficiency goes to unity, and this means that only the work but not heat goes into radiation. The case of very high T* is typical to the laser emission. The range of our interest is one corresponding to not low luminescence and of sufficiently high h max . This range can be found as a result of some trade-off between increasing luminescence intensity and decreasing h max . Weinstein [16] calculated the h max in a ZnS light source on the basis of the Landau's formula and pointed out that at the moderate luminance (16 ft-L) the efficiency is limited to about 133%. Increase in the brightness leads to decrease of h max . The increase in brightness occurs along with an increase in the pumping rate. We know that this leads to population inversion and to lasing. In the case of the inverted population, the h max goes to unity or less inevitably. The Landau's approach was used and developed in numerous papers [10, 11, [22] [23] [24] . The conclusions from this theory are as follows:
• self-cooling of the radiation source is possible from thermodynamic consideration by spontaneous emission,
• simultaneously, the "super-efficiency" happens to be possible on account of internal thermal energy,
• cooling effect is expected to pass a maximum and then to decrease along with an increase in the luminescence intensity,
• a radiating body cannot be cooled by its own laser emission.
Advantage of heavily doped materials
The physics of the optical refrigeration requires a condition to be fulfilled h i g > 1 where h i is the quantum yield and g is the energy yield. Therefore both yields should be as high as possible. The quantity h i cannot be more than unity, but what is desirable is h i » 1. The task is minimizing the contribution of nonradiative processes. Otherwise the heating of the medium will mask the effect of optical cooling.
The internal quantum yield h i is defined as the ratio of the rate of radiative recombination to the total recombination rate. It can be expressed in terms of corresponding lifetimes as
where t is the lifetime and t R is the radiation partial lifetime. The quantity t R decreases along with an increase in carrier density, time of nonradiative recombination t NR can be found from the following expression
Usually, the rate of nonradiative recombination is represented in terms of a linear term (type of recombination of Shockley-Read-Hall) and of the Auger-recombination term
where A is the coefficient of linear non-radiative recombination, C is the coefficient of the Auger recombination, and N is the excess carrier density (N = P is assumed). Using these formulae, we calculated the internal yield in several cases using recombination parameters for GaAs (l = 880 nm) and for InGaAs (l = 1600 nm). The recombination balance is assumed in terms of linear nonradiative recombination (coefficient A), "bimolecular" radiative recombination (coefficient B) and the Auger nonradiative recombination (coefficient C). Assumed numerical parameters are given in Table 1 . Plots are shown in Fig. 1 . The advantage of materials with high equilibrium carrier density is obvious, especially at low rate of pumping. Notice that here we did not account for a possible increase in coefficient A that can be associated with the process of doping. What can happen is appearance of nonradiative centres like point defects and some complex defects accompanying the introduction of the impurity. We hope that these phenomena can be avoided by a proper choice of impurity at a moderate level of doping (~10 18 cm -3 ).
It is very important as at higher pumping rate the anti-Stokes luminescence is replaced by Stokes type (with further transition to the lasing). This transition occurs when the excess carrier density approaches the threshold of the degeneracy (~4.3´10 17 cm -3 for electrons and~8.3´10 18 cm -3 for holes in GaAs at 300 K). The limited temperature range of the optical cooling exists where the anti-Stokes regime is possible.
In a summary, we show here an advantage of the doped semiconductor for higher internal quantum yield. Also the states in the band tails provide the photoelectric absorption in the nominal transparency range. This is favourable for the pumping mechanism. Simultaneously we can state that minimal temperature of the anti-Stokes regime exists for optical cooling by this mechanism. The determination of this principal limitation will be given in Sect. 8.
Self-cooling in p-n junction
Under the forward bias, the current through the p-n junction is accompanied by some cooling due to the Peltier effect. The injection of carriers implies the penetration of carriers over a potential barrier depending on the bias. So, high-energy carriers are extracted from the emitter region where the quasi-equilibrium should be restored by heating of other carriers taking thermal energy from the crystalline lattice. As a result, the cooling occurs of a thin region adjacent to the p-n junction. This effect is not sensitive to the type of recombination of injected carriers. Equal thermal power is generated at another contact of the electrical circuit. Therefore the cooling of one contact is compensated by the heating of another contact. The rate of thermoelectric heat absorption/generation is equal to [25] 
where P are Peltier coefficients (indices are to point out the type of conductivity and sort of carriers), I e,h are partial electron and hole currents, respectively, J is the current density, V bi is the height of the built-in potential barrier, and V is the applied voltage. Equation (7) shows that the sign of effect is determined by the difference V bi -V, and the magnitude of the effect is determined by a product of this difference and current.
The optical cooling is an additional effect that occurs in the injection (active) region and it is sharply dependent on the quantum yield of the radiative recombination. If the yield is 100% both effects, the Peltier effect and the optical cooling, are about the same by power density. The heat taken from the active region by the optical cooling is transmitted into another region where the radiation is absorbed. If the radiation is reabsorbed and dissipated in the body of the diode, no net cooling will be observed (but the local cooling remains possible). The requirement of the net cooling is the transmission of the radiation into an external ther- Table 1. mostat or into the space. Therefore, for the calculation of the cooling power by radiation one has to use not internal quantum yield but external quantum yield. Another aspect of the laser-cooling arrangement is the contradiction between a maximization of the energy yield and a maximization of the intensity of radiation emissions. The fact is that along with an increase in the pumping intensity, the energy yield decreases and can become less than unity. It happens that after some trade-off, the augmentation of photon energy becomes as small as about kT. The upper limit for the pumping intensity comes from the transition to the inverted population at the peak of the radiation spectrum. It corresponds to the transition to the degenerate occupation of the working levels.
Practical results of laser-cooling experiments are so far limited to demonstration of the cooling of some dielectrics like crystals and glasses (fibers) doped with radiative centres [27] [28] [29] . In Ref. 28 , under the laser beam at l =1015 nm, the temperature of the emitting body of ytterbium--doped glass fiber has been lowered from room temperature by 65 degrees centigrade. Even stronger cooling was reported in Ref. 20 . It follows from all these data that the optical refrigeration of solids, including semiconductors, does not provide deep cooling.
Non-degenerate occupation is a condition for anti-Stokes luminescence
A typical case of non-degenerate occupation in a semiconductor is electron occupation of the conduction band with the electron Fermi level situated in the forbidden band. All conduction electrons are at band levels above the Fermi energy. In this case the photon energy hn is larger than DF, the difference of quasi-Fermi levels. It is an analogue of the anti-Stokes photoluminescence, and the augmentation of the photon energy over DF is supplied by the thermal motion in the radiating body. We see that the anti-Stokes emission is the property of the system under non-degenerate occupation of working levels. A favourable situation for the cooling is when the pumping photon has energy hn P somewhat smaller than the photon energy of the luminescence hn as shown in Fig. 2 . The absorbance of the pumping photons can be provided by the photoelectric absorption tail below the nominal intrinsic absorption edge. It is known that this absorption can be associated with:
• some energy levels existing in the forbidden band (exciton levels or the band tails); the absorption is followed then by reoccupation of these and other available energy levels,
• levels belonging nominally to the band states but broadened into the forbidden band due to some interaction with the third body, the absorption is assisted by the interacting third body (particle or quasi-particle), and energy is taken from this third body with following energy exchange between these bodies, other ones, and the lattice.
The intraband relaxation (broadening) processes seem to be involved in both cases. The relaxation provides the thermalization of the carrier distribution. In other words, the energy distribution of carriers comes to the quasi-equilibrium form that is ultimately accompanied by consumption of some thermal energy from the lattice.
In a real pure semiconductor, the contribution of excitons can be more important than the contribution of interband transitions. The centre of the emission band is situated below the band-to-band edge, namely, hn = E g -E x where E x is the binding energy of carriers in the exciton. Therefore the pumping photon should be below this hn. The pumping immediately into the exciton states would be also the mechanism to obtain some free electrons and holes in bands due to the exciton decay into free carrier pairs. In this case one will observe not only the exciton emission but also the anti-Stokes intraband emission. The scheme of the process is as follows. The pumping photon is tuned to the exciton line of absorption. The produced excitons decay into free electrons and holes by the thermal energy of the lattice. These free carriers recombine via interband transitions as an anti-Stokes luminescence. At low temperature the resonant luminescence can prevail (at the same photon energy as the pumping photon, with no anti-Stokes effect). Therefore there is the limitation of the cooling by stability of excitons (one can estimate minimal temperature as T min » E x /k, where E x is the binding energy of the exciton).
The spectrum of a heavily doped semiconductor includes the broadening of the intrinsic absorption edge due to random distribution of the impurity ions. As a result, the impurity bands and band tails are formed in the nominally forbidden band. Interband transitions between states in band tails have been shown to be sufficiently intense to get the laser emission quite below the nominal band edge. As Opto-Electron. Rev., 16, no. 3, 2008 P.G. Eliseev 203 Fig. 2 . A sketch of optical transitions of the pumping (P) and of anti-Stokes (A-S) emission in pure semiconductor (a) and in heavily doped semiconductor (b). Absorption spectra are shown (not to scale). In the case (a) the pumping photon is tuned to a low-energy tail of the exciton band and emission occurs at the exciton energy. In the case (b) both photon energies fall to the band-tail states.
the density of state in tails is usually smaller than in intrinsic bands, these states can easily get the degenerate occupation. Therefore, the task is to define the range of the non-degenerate occupation to provide the anti-Stokes luminescence.
There are different situations with occupation of working levels, and the non-degenerate case is when most of the carriers occupy energy levels above the quasi-Fermi level F. Usually, for this case the Boltzmann statistics are valid. In the approach of the quasi-equilibrium, the peaks of the energy distribution are situated at the point(s) where the relationship is valid [29, 30] 
where r(E) is the density of states and k is the Boltzmann constant. The solution of this equation, E max , is valid if
is the monotone function, there will be one solution. It is not dependent on the position of F, therefore it is not dependent on pumping rate and the intensity of luminescence. In the single-electron model of semiconductor, r(E) µ E 1/2 , and the solution is E max = kT/2. So, the non-degenerate occupation takes place when F is in the forbidden band and even in the c-band, but until it coincides with E max . Considering the band tail, we have to put actual density of state into Eq. (8) . If the tail obeys the Gaussian function, r(E) µ exp[-(E -E 0 ) 2 /(2s 2 )] where E 0 is the centre of the Gaussian function, s 2 is its dispersion, and the solution is a value that is s 2 /kT below the centre of the Gaussian function. Thus, the range of the non-degenerate occupation corresponds to F < E 0 -s 2 /kT. As it is shown in Fig. 3 , the quasi-equilibrium energy distribution of electrons in the band tail has a Gaussian shape. An increase in the pumping rate produces a rise of the quasi-Fermi level F. While the level is quite below the peak of electron distribution, the peak position does not change (this is a sign of non-degenerate occupation). At F > -2 (in normalized scale), the peak starts to get the blue shift (this is a sign of the degenerate occupation also called "band-filling"). In frame of non-degenerate regime (corresponding to the anti-Stokes luminescence), the effect of temperature is also blue shift, as is illustrated by curves in Fig. 3(b) .
The indication of the non-degenerate occupation of working levels can be found in the thermal activation type of luminescence intensity, . µ exp(eV/kT) in the EL case, that was reported in studies of heavily doped GaAs homojunctions [31] . This behaviour is characterized by a fixed spectral peak of luminescence. Along with an increase in the pumping rate, the level F goes up and, at the upper limit of the non-degenerate range it passes the point s 2 /kT. The peak is no longer fixed but can go up, and the simple thermal activation dependence of . is violated.
The non-degenerate occupation in the bandtail does not prevent the inversion and lasing via the levels below the Fermi level. This means that there is a principal possibility for a radiation-balanced regime of lasing in a single active element. This will be the case when one group of energy levels produces laser emission with some heat generation whereas another group of levels (above the Fermi level) produces internal self-cooling.
Anti-Stokes luminescence
The calculated behaviour of the luminescence from non-degenerate occupied states in the band-tail was given for a heavily doped GaAs [29] [30] [31] , and later for InGaN [32] and other partially-disordered semiconductors [33] . According to Refs. 29 and 32, the rate of the spontaneous emission can be described as follows
] , s (9) where B is the coefficient of radiative recombination, r e0 and r h0 are the density of states in centres of the Gaussian functions of electrons and holes, respectively, s 2 = s e 2 + s h 2 is the effective dispersion parameter obtained by addition of partial dispersions of electron and hole states, hn 0 = E 0 -s 2 /kT is the spectral peak position, and E 0 is the energy difference between the centres of the Gaussian functions. The last exponential term in the right side of Eq. (9) gives a Gaussian shape of the spectral band (illustrated by experimental data of GaAs luminescence in Ref. 29) . The second exponential term gives the thermal-activation of the magnitude of the spectral band. The first exponential term gives some additional temperature dependence of the emission magnitude. It can be seen that the peak position and shape is not dependent on pumping rate (and on DF) and on the intensity of luminescence, but is sensitive to the temperature change. In experiments, the quantity E 0 changes as the band gap decreases along with a temperature rise. The quantity s 2 /kT is the Stokes shift of the emission peak in respect to the absorption peak (assumed at E 0 ). This shift decreases along with the temperature rise. Calculated curves for different values of s are shown in Fig. 4 . Therefore, the temperature dependence of the peak position is a result of two trends, regular behaviour is a red shift of the spectral peak as T rises, whereas decrease in the Stokes quantity s 2 /kT can produce the blue shift of the spectral peak. This non-monotone temperature dependence of the spectral peak position (frequently identified as S-shape behaviour) appears to be characteristic for different luminescent materials, which we can classify as the partially disordered media [33] . We illustrate this type of behaviour in Fig. 5 where quite old data on the electroluminescence of GaAs:Si diodes [34] are fitted with an expression
where the temperature shrinkage of the energy gap is included in the known Varshni empirical expression with the fitting parameters a and b. A feature of these diodes is the use of amphoteric impurity (Si) to obtain properly heavily doped n-and p-sides of the p-n junction. The emitting region of the diode represents heavily doped material with quite significant compensation. Other examples of this type of non-monotone dependences are given in Ref. 33 . Such dependences are used often to determine the parameter s that is an important characteristic energy for the localized states in the band tails. The doping dependence of s in GaAs homojunctions is given in Fig. 6 [29].
Minimal temperature of laser cooling by anti-Stokes radiation
Using the temperature dependence of the spectral peak position one can estimate the temperature range where the optical cooling is principally possible. The condition is that the pumping photon energy hn P should be less that the peak luminescence photon hn(T) by Eq. (10) . If hn P is constant during the cooling process, the case can be illustrated by plots in Fig. 7 . It can be seen that along with a decrease of T, the "non-degenerate" spectral peak starts to go very far from E 0 , and the intersection at the point T min indicates the limit of the cooling. At this point, the degenerate occupation replaces non-degenerated one. The energy yield passes unity here and then it decreases. The anti-Stokes regime is possible between the points T min and T max . In the numerical case shown in this figure, one obtains a minimal temperature of 100 K. Below this point the condition disappears for the optical cooling. The position of this point is dependent on hn P , so another regime is possible of tunable laser pumping (as it is shown in Fig. 8 ). We choose the constant distance DE from the E 0 as such tuning could provide almost constant absorption of the pumping emission. Notice that the absorption dramatically decreases if hn P moves down from E 0 . Therefore, a quantity DE cannot be arbitrarily large, and it should be optimized by accounting for the absorption coefficient, size and configuration of the cooled body. In this case, the minimal temperature is equal to
In order to choose DE, one has to remember that DE should be large (to use larger g), but increase of DE leads to very strong decrease in the absorption of the pumping emission (according to the Gaussian function). For example, when DE grows from zero to 3s, the absorption coefficient decreases about two decades. Assuming DE = 2s, we obtain T min = s/2k. Numerical estimate gives T min = 120 K at s = 20 meV, 60 K at s = 10 meV. Probably, this small s corresponds to the limit of low-level doping where transitions to undoped case occur. Going to lower temperature by decrease of s means significant decrease in cold productivity. Example in Fig. 7 corresponds to the case of s = 20 meV and DE = 50 meV and the result is T min = 93 K.
Conclusions
We considered a heavily doped semiconductor as a material for the laser cooling technology and indicated a regime of non-degenerate occupation of energy states in the band tails that provides the anti-Stokes radiation emission. Both electro-and photoluminescence were discussed. The Stokes-type shift of s 2 /kT is a sign to identify this regime. The heavily doped materials have the advantage of a higher internal quantum yield at low pumping rate. Also, the band tails in heavily doped material provide some photoelectric absorption in the nominally forbidden band that is necessary for laser illumination (in the transparency range of the semiconductor).
As the anti-Stokes luminescence is the mechanism of the optical cooling in solids, the temperature limitation of this mechanism appears to be connected with a transition from the non-degenerate to degenerate occupation. This transition occurs at higher pumping rate (along with the transition to the optical gain and lasing) and at lower temperature. Thus, the theoretical limit for the optical cooling is predicted. The minimal obtainable temperature is about 60-120 K depending on the doping level. The laser cooling of semiconductors is impeded by the difficulty of extracting the spontaneous emission from the radiating body that is characterized by a large angle of the total internal reflection. The energy hn P is assumed to be at a constant energy distance (50 meV) below the temperature-dependent energy E 0 (T). Other parameters are the same as in Fig. 7 .
